Introduction
The quantitative evaluation of product usability is important for product design. Most products, e.g. digital cameras, remote controls, and cellphones, have holding and operation parts where the hands are placed. The pinching effort which is the feeling when an user picks up and controls a product is important for product usability. Demands for product design that considers the pinching effort have increased. However, quantitative evaluation of sensibility is difficult. A questionnaire survey using a semantic differential method is commonly used for the subjective evaluation of the usability. In recent years, quantitative evaluation methods have been proposed based on physical data that are measurable by sensors. Radhakrishnan & Nagaravindra (1993) analyzed the force distribution during grasping a tube. Kong & Freivalds (2003) measured the maximum pulling force, the surface EMG (electromyogram), and the contact force, when pulling seven different meat hooks. They also developed a biomechanical hand model to estimate the tendon force. These research methods addressed the quantitative evaluation of a power grasp using the whole hand (palm and fingers). On the other hand, some research methods in biomechanics have proposed an accurate musculoskeletal model of the human hand and fingers; An et al. (1979) established a three-dimensional normative hand model based on X-ray image analysis. Brook et al. (1995) introduced a dynamic index finger model using a set of moment arm coefficients and elongation equations. Sueda et al. (2008) developed a method for generating motions of tendons and muscles for hand animation. Holzbaur et al. (2005) developed a biomechanical model of the upper extremity, Flanagan et al. (2006) discussed control strategies of the human fingertips, Valero-Cuevas (2005) proposed a detailed model of the human finger, including neuro-musculo-skeletal interactions. Also, in robotics, there have been a lot of research methods related to skin and muscle modeling. For example, Nakamura et al. (2005) proposed a computation method of somatosensory information from motion-capture data. Tada & Pai (2008) developed a simple finger shell model that is efficient to quickly simulate the finger surface deformation. However, these research methods were not applied to the quantitative evaluation of product usability. A goal of this research is to design an evaluation system of product usability using a simulation in conjunction with multiple sensors, such as contact sensors, pressure sensors, and force sensors. Fig. 1 shows the concept of the evaluation system, which is designed to correlate the obtained sensor data with the human sensory information. Ikeda et al. (2008) has presented the concept of the evaluation of the pinching effort. We (Ikeda et al. (2009a) and Ikeda et al. (2009b) ) have also evaluated the usability in the pinching activity by comparing the sensor data from the sensing hand with the human muscle activity. In this chapter, we discuss the relationship between the pinching effort and the EMG data. Then we propose the evaluation method of the pinching effort using a tendon skeletal finger model. At the beginning of this chapter, the human pinching activity is analyzed to show that the tendon force reflect well the human sensation. Since we can not directly measure the tendon force in humans, we measure the surface EMG instead of the tendon force and compare the surface EMG with the questionnaire results in the human experiment. Second, we describe the detail of the tendon skeletal finger model and the pinching effort evaluation method. The score of pinching effort is calculated from the tendon forces which are estimated in a pinching simulation. The simulation result is compared with the human experiment result. These results show that the proposed method is useful for the quantitative evaluation of the pinching effort. Fig. 2 shows an overview of the experiment to measure human pinching activity. A capacitance triaxial kinesthetic sensor (PD3-32-05-80, Nitta) was put inside a holding cylinder to measure the pinching force. Disposable radiolucent electrodes (F-150S, Nihon Kohden) were put on the hand and the arm of the subject to measure the surface EMG of the FDS (flexor digitorum superficialis) muscle and the ADP (adductor pollicis muscle). The FDS muscle flexes the PIP joint of the index finger, and the ADP muscle adducts the CMC joint of the Fig. 3 shows the normal location of muscles in the forearm and the hand. The surface EMG were amplified by an EMG amplifier (EMG-021, Harada Electronics Industry) and stored in a PC through an A/D board (CSI-360116, Interface). In this chapter, the following processes are used for a quantitative analysis of the EMG signal: 
Human pinching experiment 2.1 Measurement system

Experimental method
In our experiment, 300 and 600 [g] weights were used. Five healthy male subjects, average age: 24 years old and SD: 3.4, volunteered for the experiment. All subjects were given the experimental detail and they gave their consent to participate. The pinching activity was performed with their dominant arm. The arm of the subject was placed on a desk, and the middle, ring, and pinky finger were kept open so as not to influence the pinching activity. Subjects pinch in the length direction of the cylinder by using the index finger and thumb. Table 2 shows the average and standard deviation of the subjects' hand sizes. Fig. 5 shows the definition of the measured dimensions of the hand. The subjects' hand sizes were similar to the standard Japanese hand size. Before beginning the experiment, we explained its purpose to the subjects. In the experiment, the subjects pinched each cylinder and scored the effort level of the cylinder. The score had five levels from 1: "very easy to pinch" to 5: "very difficult to pinch". The subjects pinch the cylinders in arbitrary order and hold the cylinders for 15 [sec] . A two-minute interval was taken between each trial. The subjects joint angles when pinching each cylinder was measured using a CyberGlove (CyberGlove Systems LLC). Fig. 6 shows the joint notation of the index finger and the thumb. We measure eight angles: the MCP (metacarpophalangeal: in the index finger) joint FE (flexion/extension direction), the MCP joint AA (adduction/abduction direction), the PIP ( A possible reason is that the finger posture when pinching the middle length cylinder makes it easier to exert a pinching force. Fig. 8 shows the typical pinching force when a subject pinches a cylinder. The dash line and the dot-dash line in the figure designate the theoretical force necessary to pinch the cylinders with 300 and 600 [g] weight, respectively. The theoretically necessary forces F theo are calculated based on the friction coefficient µ between the finger and the cylinder:
Pinching force measurement results
where M obj is the weight of the object and µ = 0.5. The measured force is somewhat larger than the theoretically necessary force because a human applies a safety margin in order to pinch an object tightly. 
Surface EMG measurement results
We evaluate the pinching effort from the EMG signal during the pinching activity. The EMG signal is normalized using the data process, shown in Sec. 2.1, because the amplitudes of the EMG signals are different between each subject. Fig. 9 shows the normalized EMG related to the index finger and thumb when the cylinder weight is 300 [g] , and Fig. 10 shows the normalized EMG when the cylinder weight is 600 [g]. The normalized EMG of the index finger FDS becomes lower according to the cylinder length, and the normalized EMG of the thumb ADPt becomes higher according to the cylinder length. The possible reason is that the finger posture when pinching a short cylinder makes it hard for the index finger to exert a pinching force. On the other hand, when pinching a long cylinder, a large antagonist force is necessary to open the thumb widely, and thus the muscle activity of the thumb increases. Fig. 11 shows the average EMG and the questionnaire score when the cylinder weight is 300 [g] , and Fig. 12 shows the average EMG and the questionnaire score when the cylinder weight is 600 [g]. The lowest score is observed when the subject pinches the cylinder with the lowest EMG, and the highest score is observed when the subject pinches the cylinder with the highest EMG. The correlation coefficients between the average EMG and the questionnaire result are 0.86 at 300 [g] and 0.97 at 600 [g]. The p-values are 0.061 at 300 [g] and 0.005 at 600 [g] . Thus there are correlations between the surface EMG and the questionnaire result, but the p-value of 300 [g] result is high (p > 0.05). A possible reason is that the 300 [g] weight was too light to evaluate the pinching effort. These results signify that the integrated surface EMG is an important index to indicate pinching effort, pointing to the potential for quantitative evaluation using the muscle or tendon force. These results indicate a possibility that the quantitative evaluation using the muscle or tendon force. Fig. 13 shows the index finger and the thumb finger model. The index finger model consists of a fixed metacarpal and three phalanges. The DIP and PIP joints have 1 DOF (degree of freedom) for flexion/extension, and the MP joint has 2 DOF for flexion/extension and adduction/abduction. The thumb model contains a fixed trapezium bone and three phalanges. The IP joint has 1 DOF for flexion/extension, and the MP and CMC joints have 2 DOF for flexion/extension and adduction/abduction. It is difficult to construct an anatomically accurate finger model because the human hand structure is very complex. Some research (Lee et al. (2008) and Deshpande et al. (2008) ) 127 Pinching Effort Evaluation Based on Tendon Force Estimation www.intechopen.com Fig. 13 . Index finger and thumb model discussed the importance between the finger posture and the moment arm when exerting a fingertip force. Kamper et al. (2006) discussed importance of finger posture and moment arm when mapping from muscle activation to joint torque. The index finger joint torques τ idx and thumb joint torques τ tmb were calculated from the following equations: 
Finger model
Tendon skeletal model
τ idx = M idx F idxTendon (3) τ tmb = M tmb F tmbTendon (4) where τ idx = τ DIP τ PIP τ MCPa τ MCP
Tendon moment arm
It is well known that the moment arm at each joint changes according to the joint angle. In this chapter, the moment arms M idx and M tmb are calculated by the quadratic approximation which is shown in Fig.14 and Fig.15 . These profiles are given by the quadratic approximation based on the raw cadavers data that were measured by An et al. (1983) and Smutz et al. (1998) . The tendon forces are calculated accurately using the variable moment arms.
Tendon force estimation
The joint torques τ idx and τ tmb can be calculated with Jacobian matrices: 
The tendon forces can be calculated from the fingertip forces based on Eq. 7 and Eq. 8. However, it is a redundant problem because 6 DOFs of the finger are driven by 7 tendons for the index finger, and 6 DOFs are driven by 9 tendons for the thumb. Therefore, the tendon forces are derived by Crowninshield & Brand (1981) from the optimization calculation of the following equation:
where PCSA is a physiological cross sectional area of each muscle and f max is a maximal force of each muscle that is determined by PCSA and maximal muscle stress Zajac (1989) .
In Table 3 ).
Score of the pinching effort
The pinching effort score is defined by following equation:
where n is the total number of tendons used for pinching an object. For example, when only the index finger used, n is 7, and when the index finger and the thumb used, n is 16. f i is the tendon force of each tendon and f imax is the maximum force that the muscle can exert to each tendon. The load ratio of each tendon f i / f imax denotes the force margin. Thus minimum score implies minimum load.
Cylinder pinching simulation 4.1 Condition of cylinder pinching simulation
Cylinder length 20, 40, 60, 80 or 100 [mm] , diameter 20 [mm] and weight 600 [g] are used in the simulation. The cylinder is pinched in the longitudinal direction by both the index finger and the thumb. Table 4 shows the finger model parameters and table 5 shows the limit angle of each joint. The finger link parameters are given based on the measurements of that of the subject. The contact points are the fingertip of each finger and the center of the cylinder. The friction coefficient is set as µ = 0.5 and the fingertip force is set as 11.76 [N] . The vectors from the DIP/IP joint to the load point are P idx = 10.0 5.0 0.0 T and P tmb = 17.0 5.0 0.0 T . Fig. 16 shows the estimated tendon force for each of the index finger and the thumb when pinching the cylinders. The tendon forces of the thumb ADPt becomes higher according to the cylinder length. On the other hand, the tendon forces of the index finger FDS become lower according to the cylinder length. The pattern of these tendon forces is similar to the human muscle activity shown in Fig. 9 and Fig. 10 . This suggests that the finger model can l I1 l I2 l I3 l I4 l T1 l T2 l T3 l T4 
Simulation results of pinching cylinders
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Pinching Effort Evaluation Based on Tendon Force Estimation simulate the human muscle activity during the pinching activity. The score of each cylinder length was calculated from these tendon forces using Eq. 11. Table 6 shows the simulated joint angles and measured joint angles of the human. In the simulation, the most efficient posture to exert fingertip force is when the AA directions of each joint are zero. The human finger postures are different from the simulation results (see θ I2 and θ T2 in table 6). This comes from the modeling and measurement errors. However, there are strong correlations between the simulated joint angles and the measured joint angles. 15.5 -11.7 -11.0 -- On the other hand, the highest score is observed in the 20 [mm] cylinder length. The simulated score pattern is similar to the human questionnaire score pattern. There is a strong correlation between the simulated score and the questionnaire score of human (the correlation coefficient is 0.97 and the p-value is 0.007). This indicates that the proposed method can reflect the human subjective pinching effort and our finger model is useful for the pinching effort evaluation.
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Conclusion
This research is aimed at the quantification of the product usability based on the estimated tendon force. At the first step of the quantitative evaluation, we tried to evaluate a pinching activity. We proposed the evaluation method of the pinching effort and show the effectiveness of the proposed method. At first, we showed the importance of the tendon forces to evaluate pinching effort by human experiment. The experimental results of a human pinching a cylinder are shown: the subjective pinching effort, the pinching force, the human EMG, and the finger posture. These experimental results indicate that the integrated surface EMG is one of the important indexes to indicate pinching effort. This suggests a possibility for quantitative evaluation using the muscle or tendon force. Second, the index finger and thumb models that are used for the tendon force estimation are developed. The finger models mimic the human tendon skeletal structure. The simulation results of the pinching activity are compared with the sensory evaluation of subjects. The experimental results show that the simulation scores are similar to the questionnaire survey results and the estimated finger posture is also similar to the human finger posture. Our method can evaluate the pinching effort from the viewpoint of the muscle activity.
